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Abstract  
Nickel-based superalloys such as Hastelloy X (HX) are widely used in gas turbine 
engine applications and the aerospace industry. HX is susceptible to hot cracking, 
however, when processed using additive manufacturing technologies such as laser 
powder bed fusion (LPBF). This paper studies the effects of minor alloying elements 
on microcrack formation and the influences of hot cracking on the mechanical 
performance of LPBF-fabricated HX components, with an emphasis on the failure 
mechanism of the lattice structures. The experimental results demonstrate that a 
reduction in the amount of minor alloying elements used in the alloy results in the 
elimination of hot cracking in the LPBF-fabricated HX; however, this modification 
degrades the tensile strength by around 140 MPa. The microcracks were found to 
have formed uniformly at the high-angle grain boundaries, indicating that the cracks 
were intergranular, which is associated with Mo-rich carbide segregation. The study 
also shows that the plastic-collapse strength tends to increase with increasing strut 
sizes (i.e. relative density) in both the ‘with cracking’ and ‘cracking-free’ HX lattice 
structures, but the cracking-free HX exhibit a higher strength value. Under 
compression, the cracking-free HX lattice structures’ failure mechanism is controlled 
by plastic yielding, while the failure of the with-cracking HX is dominated by plastic 
buckling due to the microcracks formed within the LPBF process. The novelty of this 
work is its systematic examination of hot cracking on the compressive performance of 
LPBF-fabricated lattice structures. The findings will have significant implications for 
the design of new cracking-free superalloys, particularly for high-temperature 
applications. 
Keywords: Additive manufacturing; nickel-based superalloys; Hastelloy X; hot 
cracking; lattice structure 
1. Introduction  
     Laser powder bed fusion (LPBF) is an advanced additive manufacturing (AM) 
technology that offers the ability to fabricate complex parts for a range of sectors, 
including medical devices and the aerospace and automotive fields [1] [2]. Nickel-
based superalloys such as Hastelloy X (HX) exhibit an exceptional combination of 
high-temperature strength, toughness and resistance to degradation within corrosive 
or oxidising environments [3] [4]. For these reasons, the LPBF of HX is considered a 
promising technology for the manufacture of complex structural components for the 
gas turbine engine sector [5]. 
     Periodic cellular lattice structures have attracted a lot of research interest due to 
their potential to be used in lightweight multifunctional materials and structures [6] [7] 
[8]. The conventional manufacturing processes that are used for the manufacture of 
cellular lattice structures include melt gas injection, investment casting and physical 
vapour deposition [9] [10] [11]. The main disadvantages of these conventional 
manufacturing methods lie in their high cost and inability to produce complex lattice 
structures [12]. For these reasons, the LPBF process is often used to fabricate various 
types of cellular lattice structures, such as body-centred cubic (BCC) lattice structures 
from 316L stainless steel [13] [14] and Ti-6Al-4V alloy [15], and BCC and face-centred 
cubic (FCC) cellular structures from 18Ni maraging steel and AlSi12Mg [16] [17]. 
     To date, the focus in this area has been on the characterisation of the mechanical 
performance of LPBF-fabricated cellular lattice structures. For instance, Ozdemir et al. 
investigated the dynamic load-deformation behaviour of LPBF-fabricated Ti-6Al-4V 
lattice structures. Their findings showed that the lattice structures could spread impact 
loading in time and reduce the peak impact stress. They also observed a significant 
rate dependency of load-deformation characteristics [18]. Al-Saedi et al. [19] studied 
the deformation behaviour of Al-12Si functionally graded lattice structures and found 
that the collapse process occurred layer-by-layer, starting with the collapse of the 
lower-density layers followed by the higher-density layers in sequence. Leary et al. [20] 
investigated the mechanical properties of LPBF-fabricated Inconel 625 lattice 
structures and found that adjustments to topology and unit cell size enabled coarse 
and fine tuning of the lattice’s mechanical properties. They also found that IN625 lattice 
structures exhibited exceptional ductility, which offers the opportunity to design 
innovative lattice structures with unique energy-absorption characteristics. Zhang et 
al. [21] investigated the mechanical properties of LPBF-fabricated honeycomb 
pentamode Ti-6Al-4V structures, they have pointed out that the increase in strut width 
resulted in a transition of deformation mechanism from plastic to brittle fracture. 
Zargarian et al. [22] studied the effect of different factors on fatigue behaviour of 
additive manufactured titanium lattice structures. Their findings showed that the 
fatigue properties of struts have a direct effect on the fatigue strength of lattice 
structure and the correlation is linear. Also, when the shape of struts become more 
irregular, the fatigue strength of lattice structures exhibits a rapid decrease. Zhong et 
al. [23] studied the compressive behaviour of LPBF-fabricated lightweight 316L 
stainless steel tetrakaidecahedron lattice structures and found that 
tetrakaidekahedron structures exhibited better energy absorption performance 
compared to diamond and BCC structures. Also, a strong relationship between the 
mechanical properties and porosities of the lattice structures was disclosed in their 
work.  
     Further studies have shown that during the compressive loading of lattice 
structures, trusses aligned with the loading directions are the most efficient at 
supporting stress, while those at an incline are limited by force-resolution 
considerations [24] [25]. The lattice structures’ failure mechanisms (including plastic 
yielding, elastic buckling and plastic buckling) depend on the slenderness ratio of the 
trusses. The slenderness ratio and relative density are interdependent: both lattice 
structure strength and failure mechanisms depend on the lattice’s relative density and 
topology and the materials used to manufacture the lattice structures [6]. The LPBF of 
HX alloy is prone to hot cracking defects, which are related to thermally induced 
stresses, alloy composition, grain size and grain boundary characteristics [26] [27]. 
Post-treatments such as hot isostatic pressing (HIP) are commonly used to eliminate 
microcracks and improve the strength-ductility trade-off of as-fabricated parts [26] [28]. 
Although HIP processing can be used to close microcracks and improve the fatigue 
performance of LPBF-fabricated metallic parts [16] [29], such processing does result 
in excessive grain growth and coarsening [30]. In addition, the cost of the extra post-
processing reduces the economic attractiveness of the LPBF process.  
     Despite its theoretical and practical significance, the effect of hot cracking on the 
compressive performance of HX lattice structures fabricated by LPBF has yet to be 
explored systematically. The aim of this study is to address this knowledge gap by 
examining the characteristics of these microcracks and their effect on the cellular 
lattice structures’ failure mechanism under compressive loading. The influence of 
minor alloying elements on hot cracking formation is also investigated. 
2. Materials and procedure  
2.1. Materials   
This study employs two variants of Hastelloy X (HX), HX-a and HX-b, which were 
produced using gas atomisation with nitrogen and were provided by Sandvik Osprey 
(Neath, UK). HX is a Ni-Cr-Fe-Mo nickel-based superalloy that contains significant 
amounts of Cr, Mo, Co and Fe. The typical chemical composition of HX is shown in 
Table 1. HX-b contains less of the elements Si, Mn and C than HX-a; the amount of 
these three elements in HX-a has been measured to be 0.6% compared to the 0.2% 
found in HX-b. The exact amount of each minor alloying element (Si, Mn and C) in the 
two variants cannot be indicated for confidentiality reasons. The particle size of the 
two variants used in this study varied from 20 µm to 50 µm, with an average particle 
size of 35 µm (Fig. 1a). 
Table 1.  
Typical composition of HX. 
Element Cr Fe Mo Co W Si Mn C Ti Al Ni 
wt. % 20.5–23 17–20 8–10 0.5–2.5 0.2–1 ≤1 ≤1 ≤0.15 ≤0.15 ≤0.5 Bal. 
 
 
Fig. 1. Raw HX powder (a) and lattice-structure specimens for compressive testing (b). 
2.2. Laser powder bed fusion and lattice structures  
     A Renishaw AM250 system (Renishaw Plc, UK) equipped with a modulated 
ytterbium fibre laser with a wavelength of 1071 nm was used to fabricate the 
specimens. Prior to the fabrication of the tensile and lattice specimens, a set of cubic 
samples was manufactured under different conditions to determine the optimum 
scanning speed and hatch-spacing parameters. The optimised process parameters 
were determined by examining the relative density of the manufactured cubic samples 
(10 x 10 x 10 mm3) using the Archimedes method. The determined optimum primary 
process parameters for processing HX-a are as follows:  
• laser power = 200 W 
• layer thickness = 40 µm 
• hatch spacing = 120 µm 
• scanning speed = 800 mm/s 
The values for HX-b are as follows:  
• laser power = 200 W 
• layer thickness = 40 µm 
• hatch spacing = 100 µm 
• scanning speed = 600 mm/s 
     The tensile specimens were fabricated horizontally, and their dimensions were 
determined on the basis of ASTM-E8/E8M-13a [31], as shown in the tensile-
performance section. Although the horizontally manufactured specimens exhibited 
higher tensile strength compared to the vertically fabricated parts [32], the vertical-
manufacture scenario uses much more metal powder to fill the build volume. In 
addition, the formation and spatial distribution of the microcracks is independent of the 
build scenario in the LPBF of HX alloy [26]; the horizontal-manufacture scenario was 
thus used in the present study. The lattice-structure specimens (20 mm x 20 mm x 15 
mm) used for compressive testing were designed according to a BCC-type structure, 
as shown in Fig. 1b [33]; the size of the cellular unit used in the study was 5 mm x 5 
mm x 5 mm. The BCC cell was a 3D interaction of struts angled at 45° to the vertical. 
Three types of strut diameter (� = 0.5 mm, 0.75 mm and 1 mm) were used in the 
present work to investigate the effect of hot cracking on compressive performance. 
The relative density, defined as the ratio of the density of the lattice structure to the 
density of the solid of which it is made, is provided by the following equations [34]: 
�̅ = �� ��� �� � � [1 − �� −��� − ���� �� ��] (1) � = 1/√1 + ��� �    (2) 
where � and � represent the strut inclination angle (45° for BCC lattice structures, as 
shown in Fig. 1b) and strut diameter, respectively. � is the node-to-node strut length, 
and �/� is defined as the strut slenderness ratio. Fig. 2 shows the relative density �̅ 
determined from Eq. (1) with respect to inverse slenderness � �⁄  (� = 4.33 mm in this 
study).  
 
Fig. 2. Relative density with respect to inverse slenderness (5.3%, 11.3% and 18.9%). 
     In general, when BCC lattice structures are subjected to compressive loading, the 
compressive collapse strength depends upon the trusses’ failure mechanisms, 
including plastic yielding, elastic buckling and plastic buckling. Assuming that the 
elastic deformation is unaffected by the growth of plasticity, the plastic-collapse 
strength of BCC lattice structures may be determined by [35]:  
 � � = √ �� ��    (3) 
where �� denotes the flow stress of 5% strain of the parent material due to the work 
hardening under compressive loading. Hammetter et al. [34] have pointed out that the 
plastic-collapse strength decreases monotonically while the number of stacked arrays 
increases, whereas the effective Young’s modulus remains unchanged.  
2.3. Material characterisation techniques    
     HX-a and HX-b cubic samples were vertically sectioned parallel to the build 
direction, ground and then polished using standard techniques prior to optical 
microscopy (OM) and scanning electron microscopy (SEM) [36] [37]. The 
crystallographic orientation of the samples was investigated with electron backscatter 
diffraction (EBSD). The EBSD scanning was operated under 20 kV and was performed 
on an area of 1 x 1 mm2, with a step size of 0.8 µm. Post-data processing was carried 
out using the HKL-EBSD Channel 5 software package. The interfaces between the 
grains were considered to be low-angle grain boundaries (LAGBs) when the 
misorientation angle was 2º–10º; otherwise, the angles were classified as high-angle 
grain boundaries (HAGBs). During microstructure analysis, the polished samples were 
electrochemically etched using oxalic acid for 10 s to reveal molten pool boundaries 
and solidification structures in the secondary electron (SE) SEM mode. The hot-
cracking phenomenon and distribution were examined in the backscattered electron 
(BSD) SEM mode. 
     Uniaxial tensile and compressive tests were performed using a Zwick/Roell tester 
with a strain rate of 2 mm/min at room temperature. The engineering stress-strain 
curves were obtained based on two tensile specimens for each HX material.  
3. Results and discussion  
3.1. Microstructure and hot cracking  
     Fig. 3 shows the microstructure and microcracks from the side sections (parallel to 
the build direction) in HX-a and HX-b, where the HX-a sample contained 0.4% more 
minor alloying elements than HX-b. Microcracks were observed to be uniformly 
distributed among the hemispherical molten pools, and they penetrated to a few pre-
solidified layers in the HX-a sample (Fig. 3a). The molten pools that formed were 
deeper and narrower in the HX-b sample compared to HX-a (Fig. 3b), which was 
attributed to the difference in the optimum process parameters that were employed. In 
particular, the determined optimum scanning speed and hatch spacing for HX-a were 
800 mm/s and 120 µm, respectively, while the two values for HX-b were 600 mm/s 
and 100 µm, respectively. Interestingly, apart from a limited number of open pores, 
microcracks were not observed in the HX-b sample.  
 
Fig. 3. Microstructure and microcracks of the as-fabricated HX samples: (a) OM images 
showing cracks in HX-a; (b) OM images showing microstructure and pores in HX-b; (c)–(d) 
SEM micrographs showing intergranular cracks in HX-a under different magnifications; (e)–
(f) SEM micrographs showing microstructure of HX-b under different magnifications.  
     The SE-SEM micrographs revealed the solidification structure and the distribution 
of microcracks in HX (Fig. 3c–f). Both samples were found to exhibit typical cellular 
and dendritic structures following the LPBF process, which have also been reported 
in studies of other materials [38] [39] [40]. It should be noted that the microcracks in 
HX-a were surrounded by grains with different solidification features (Fig. 3d). These 
different solidification features indicate the grain orientations under different cooling 
rates, which are generally induced by the thermal gradient at the molten pools. This 
finding suggests that the microcracks that formed were intergranular cracks that also 
propagated across pre-solidified layers. However, the microcracks were not observed 
under the SE-SEM mode in the HX-b sample (Fig. 3e–f), which suggests that 
reductions in the amount of minor alloying elements included might inhibit the 
formation of microcracks.  
     The BSD-SEM and EBSD micrographs further revealed the distribution of 
microcracks in the HX-a sample (Fig. 4). Figs. 4a–b show the epitaxial columnar grains 
formed, some of which grew across a few re-solidified layers along the build direction. 
Similar to the SE-SEM observations, the BSD-SEM microcracks were observed to be 
surrounded by different grains. In terms of the EBSD images (Fig. 4c–d), the 
microcracks were found to be distributed along the HAGBs (those >10°), which 
confirmed that the hot cracking always occurred at the HAGBs and that the 
microcracks that had formed were intergranular rather than transgranular cracks. This 
finding shows agreement with the result shown in Fig. 3d.  
 
Fig. 4. Distribution of intergranular microcracks in HX-a samples: (a)-(b) BSD-SEM 
micrographs showing intergranular microcracks under different magnifications, (c)-(d) EBSD 
micrographs showing microcracks along HAGBs.  
     The EBSD inverse-pole figure (IPF) map and EBSD image quality (IQ) map with 
HAGBs and LAGBs superimposed further revealed the microstructure of the as-
fabricated HX-a and HX-b samples. Epitaxial columnar grains were expected to have 
formed along the build direction in both samples (Fig. 5a–c). A comparison of these 
IPF images showed the differences in morphology and grain size of the two samples. 
The columnar grains were found to be nearly parallel to the build direction due to the 
grain growth along the positive temperature gradient. The thermal gradient along the 
build direction was also higher than in other directions in the molten pool, resulting in 
columnar grain growth during the LPBF process [41]. The grains that formed in both 
HX materials exhibited random crystallographic orientations instead of the strong <001> 
orientation, which previous studies have found to be the preferential grain-growth 
orientation for FCC structure materials [42] [43].  
 
Fig. 5. EBSD images of the as-fabricated HX samples: (a)–(b) HX-a sample; (c)–(d) HX-b 
sample.  
     Interestingly, the fraction of LAGBs increased from 36% in the HX-a sample to 52% 
in the HX-b sample. Considering the difference in the chemical composition, the 16% 
increase in LAGBs may have been attributable to the reduction of the minor alloying 
elements in HX-b, particularly the carbon element. Although carbon generally 
contributes to the formation of carbides with the reaction of the Mo and Cr elements – 
which helps to control the grain size and increases resistance to grain-boundary sliding 
[44] [5] – this kind of segregation makes nickel-based superalloys more susceptible to 
hot cracking [45]. This scenario is in agreement with Fig. 3, which shows no 
microcracks in the HX-b sample. The hot cracking was eliminated in HX-b because 
the increased LAGBs made the accumulated residual thermal stresses uniform and 
strengthened the boundaries’ cohesion. The reduction in the carbides that formed 
could have degraded the mechanical strength of HX-b compared to HX-a; this will be 
examined in the next section.  
     The EDX mapping further revealed the chemical composition of the as-fabricated 
HX-a, particularly the hot cracking zone (Fig. 6). Mo-rich carbides were detected along 
the microcracks, which were formed at the HAGBs. This finding confirms that element 
segregation occurred at the grain boundaries during the rapid solidification process. 
Indeed, element segregation in the LPBF of HX has also been reported in previous 
studies, where Mo-rich M6C and Cr-rich M23C6 carbides were found to have formed at 
the microcracks [27] [46]. Cr-rich carbides were not detected in the present work, 
which may have been because the process parameters that were employed offered 
insufficient time for M23C6 carbide precipitation. Mo-rich carbides were also detected 
at the cellular and columnar solidification walls in the HX-b sample, in which hot 
cracking was not observed, implying that element segregation may not be the only 
contributor to hot cracking during the LPBF of HX alloys.  
    It should be noted that the hot cracking formation mechanism in additive 
manufacturing of HX is different from that of other brittle materials. This is because 
within the additive manufacturing of HX, segregated carbides are unable to fully 
dissolve into the surrounding matrix under the rapid heating; partial dissolution occurs 
and a low melting point eutectic liquid film forms at the grain boundary region. Hot 
cracks may form when the accumulated thermal residual stresses pull on the liquid 
film on the grain boundary. While the cracks in brittle materials generally start from a 
high localised stress concentration [47]. Based on the authors’ findings, an effective 
method to restrain cracks in additive manufacturing of HX is to reduce the amount of 
carbon element in order to reduce the carbide segregation; another possible method 
would be the introduction of nanoscale nucleation agent, which promotes the 
heterogeneous nucleation and uniforms the strain that is induced by the residual stress 
accumulation. This technique has been successfully employed to mitigate the hot 
cracking in 3D printing of high-strength aluminium alloys (Al 6061 and 7075 series) 
[48]. The two methods could be used in conventional processing such as in joining, 
casting and injection moulding, in which hot cracking is also a common issue, but they 
may not be useful for brittle materials since the crack origin mechanism is different.   
 
Fig. 6. EDX mapping of the crack zone from the HX-a sample.  
3.2. Mechanical performance  
3.2.1. Tensile performance 
     Fig. 7 shows the tensile-testing results of the as-fabricated HX-a and HX-b 
specimens and their dimensions. The two specimens (called HX-a-1 and HX-a-2) were 
used to obtain the stress-strain curves for HX-a, while HX-b-1 and HX-b-2 were used 
for HX-b material. The tensile performances of the two specimens for both cases were 
found to be consistent. The yield strength and elongation were determined to be 730 
± 2 MPa and 14 ±1% for the HX-a specimens and 590 ± 5 MPa and 37±2% for the 
HX-b samples, respectively. The HX-b specimens also exhibited a more apparent 
necking phenomenon compared to the HX-a specimens. The HX-a specimens 
exhibited lower ductility because of the microcracks that formed; this was not 
surprising, since the microcracks acted as stress-concentration sites and were 
detrimental to various mechanical properties [49] [26]. Compared to HX-a, the HX-b 
specimens offered roughly 140 MPa lower yield strength and 23% higher elongation, 
respectively. Considering the small difference in the chemical composition, the 
reduction of carbon content might result in the formation of fewer carbides in HX-b 
specimens. The carbides are usually located at the grain boundaries and form directly 
from the liquid during rapid solidification at high temperatures [50]. Carbides play a 
significant role in strengthening the grain boundaries and increasing the resistance to 
grain-boundary sliding, thus improving the tensile strength. This behaviour explains 
the reduction of tensile strength found in the HX-b specimens compared to the HX-a 
specimens. Table 2 shows the tensile testing results and the parameters of the lattice 
structures used in the compressive analysis.  
 
Fig. 7. Tensile performance of the as-fabricated HX specimens. 
Table 2 
Tensile test results of the as-fabricated HX-a and HX-b samples.  
Category � ��  �̅ �� ���  �� ���  �� ∙ �̅ ���  
HX-a 
(with cracking) 
0.5 0.053 730 ± 2 850 ± 5 38.98 
0.75 0.113 730 ± 2 850 ± 5 82.78 
1 0.189 730 ± 2 850 ± 5 138.63 
HX-b 
(cracking free) 
0.5 0.053 590 ± 5 670 ± 3 31.5 
0.75 0.113 590 ± 5 670 ± 3  66.9 
1 0.189 590 ± 5 670 ± 3 112 
     Fig. 8 shows the fracture surfaces of both the as-fabricated HX-a (Fig. 8a) and HX-
b (Fig. 8b) samples following the tensile testing. The microcracks in HX-a further 
opened to some degree under uniaxial loading. A few cleavage-like fracture surfaces 
were observed in the HX-a samples, indicating brittle fracture behaviour with low 
ductility. This fracture behaviour differed from that found in the authors’ previous study, 
in which some elongated columnar grains with a dendritic structure were observed in 
the fracture surface, resulting in 40% elongation. This finding might be attributable to 
the difference in the build and loading directions. The build direction was parallel to 
the uniaxial loading direction described in a previous study [26], while the two 
directions were perpendicular in the present work. Compared to HX-a alloy, a more 
apparent necking and a few opened pores were observed in HX-b, while opened 
cracks were not observed (Fig. 8b). Fewer cleavage-like surfaces were observed in 
HX-b compared to HX-a, indicating a more ductile fracture behaviour in the former, as 
supported by the determined strain in the engineering stress-strain curves shown in 
Fig. 7.   
 
Fig. 8. Fracture surface of the HX specimens after tensile testing. 
3.2.2. Compressive performance and failure mechanism  
     Fig. 9 shows the as-fabricated HX-a lattice structures with three different strut 
diameters (0.5 mm, 0.75 mm and 1 mm) during compressive testing. The shape and 
structure of the HX-b lattice specimens were similar to those of the HX-b specimens 
and thus are not shown in Fig. 9. Since the microstructure analysis qualitatively 
demonstrated the distribution of microcracks in HX-a and open pores in HX-b, the 
lattice specimens were not further examined with micro-CT to detect the defects, but 
the strut size was measured by SEM. The SEM-measured strut size was found to be 
slightly larger than the predefined size due to the formation of dross (Fig. 9a–c) defects 
in every case. Both the size and number of the pieces of dross tended to increase with 
strut size. This phenomenon was also observed in the LPBF of overhang structures 
[51] [52].  
 
Fig. 9. LPBF-fabricated lattice specimens with different strut sizes. 
     Fig. 10 shows the theoretically calculated and experimentally obtained plastic-
collapse strengths of LPBF-fabricated lattice structures after compressive testing. 
Both the calculated and experimentally measured collapse strength values were found 
to have increased with larger strut sizes; the strength value varied from 3 MPa to 20 
MPa when the strut size changed from 0.5 mm to 1 mm, which implies that the 
experimental measurement was consistent with the theoretical calculation. The 
collapse strength of HX-a (with cracking) was found to be higher than HX-b (cracking 
free) under each strut size; this trend was more apparent with larger strut sizes, 
suggesting that the plastic-collapse strength is sensitive to the size of lattice structure 
strut. Note that the theoretical plastic-collapse strength is based on the assumption 
that elastic deformation will be unaffected by the growth of plasticity, which means that 
this estimation is only suitable for those BCC lattice structures whose failure mode is 
controlled by plastic yielding. This indicates that when BCC lattice structures are 
subjected to compressive testing under different failure mechanisms, the plastic-
collapse strength might not be the only indicator to describe the lattice structures’ 
compressive response. 
 
Fig. 10. The calculated and experimentally obtained collapse strength of both HX-a and HX-
b alloys under different strut sizes.  
Fig. 11 shows the compressive performance of both HX-a and HX-b lattice specimens 
with different strut sizes (i.e. relative density). The non-dimensional compressive 
strengths �/ � �̅) with respect to nominal strain are plotted in Fig. 11a; this non-
dimensional measure of strength is an indicator of the efficiency of the load-carrying 
capability of the lattice structure. As the figure shows, increased strut diameters 
resulted in increased initial compressive peak strengths in both cases, but the HX-b 
(cracking-free) case showed overall higher strength values compared to the HX-a (with 
cracking) case. This trend was more apparent with increased strut sizes. The collapse 
strength increased from 0.08 to 0.14 for HX-a under the three strut sizes, while the 
values varied from 0.1 to 0.16 for HX-b lattice structures.  
     The compressive responses of both HX-a-1mm and HX-b-1mm specimens are 
detailed in Fig. 11b to provide a better understanding of the effect of cracking on lattice 
structure failure.  
  
Fig. 11. Compressive performance of both the cracking-free and with-cracking lattice 
specimens with different strut sizes.  
     As Fig. 11b shows, three distinct responses were observed in the case of HX-b-
1mm (cracking free). The linear elastic response occurred after the initial bedding-in 
stage, which is a similar behaviour to many other cellular metals [53] [54]. Following 
the linear response, plasticity and strain hardening took place, which led to a 
monotonically increasing flow stress until densification occurred, at which point the 
lattice structure exhibited greater load resistance. For the HX-a-1mm (with-cracking) 
lattice structure, the stress-strain response diverged from being linear (marked as 
‘Yield’ in the curve in the figure) as plasticity developed within the nodal regions. The 
accompanying increase in the nodal cross-sectional area resulted in geometric 
hardening: the strength continued to rise to a certain level, at which point the still-
elastic struts buckled and the load started to drop (marked as ‘Plastic buckling’ in the 
figure). During the plastic buckling, strain softening continued until, at a strain of about 
0.27, internal contact occurred between the struts, and the stress began to rise. 
Densification took place at a strain of about 0.56.  
     When the structure size was fixed at 1 mm, the lattice structure that showed 
cracking exhibited an overall lower compressive strength compared to the cracking-
free lattice structure, which may be attributable to the plastic buckling induced by the 
cracking in the HX-a-1mm lattice structure. In contrast, the HX-b samples exhibited a 
99.5% relative density without cracking; the 0.5% porosity was found to have had no 
apparent influence on plastic buckling under compressive loading. Extensive work on 
the study of lattice structures’ compressive performance has reported that strain 
hardening is followed by the onset of plastic buckling; the plastic buckling is then 
followed by softening, which depends to a large extend on the slenderness ratio [55]. 
In the present study, when the slenderness ratio was fixed, plastic buckling only 
occurred in the with-cracking HX lattice structures under different relative densities, 
which suggests that the cracking was also a significant factor in plastic buckling. The 
experimental findings have also revealed that the failure mechanism for the cracking-
free HX lattice structures was controlled by plastic yielding, while the failure mode of 
the HX lattice structures with hot cracking was controlled by plastic buckling.  
     Fig. 12 shows typical micrographs of the lattice specimens after compression. 
Fracture sites were observed in the HX-a-0.5mm and HX-a-1mm samples (Fig. 12a 
and c), both of which suffered from hot cracking. Since the microcracks were uniformly 
distributed in the as-fabricated HX-a lattice structures (Fig. 3), the fracture occurred 
more easily at the node positions (Fig. 12c), suggesting that stress-concentration sites 
are more likely to fail compared to other positions under compressive loading. The 
densified HX-b lattice structures with 0.5 mm and 1 mm structure sizes are shown in 
Fig. 12a and d, respectively. Interestingly, fracturing was not observed in the node 
positions of the HX-b structures, which implies that the HX-b lattice structures were 
subjected to plastic yielding and hardening during the post-elastic stage until 
densification occurred under the compressive load. This finding explains the 
monotonic increase in strength with respect to nominal strain shown in Fig. 11.  
 
Fig. 12. SEM micrographs showing the lattice specimens after compressive testing: (a) HX-
a-0.5 mm; (b) HX-b-0.5 mm; (c) HX-a-1 mm; (d) HX-b-1 mm.  
4. Conclusions  
     This study has investigated the effects of minor alloying elements on hot-cracking 
formation and the influences of hot cracking on the mechanical properties of Hastelloy 
X fabricated via laser powder bed fusion. The materials’ compressive performance in 
particular was examined for the first time in this work. This study has also compared 
the lattice structures of two Hastelloy X materials’ collapse mechanisms under 
compressive loading. The following findings were derived from the experimental 
results.  
(1) A reduction in the amount of minor alloying elements, such as Si, Mn and C, 
enabled the elimination of microcracks in the LPBF-manufactured HX 
specimens. This reduction, however, also resulted in about 140 MPa lower yield 
strength and 23% higher elongation compared to the HX specimens that did 
not experience hot cracking.  
(2) The microcracks were found to be uniformly distributed in the as-fabricated HX 
samples along the high-angle grain boundaries, thus indicating that the hot 
cracks were intergranular. Mo-rich carbides were examined to be segregated 
at the crack sites.  
(3) The measured initial peak compressive strength increased with an increase in 
the strut sizes (i.e. relative density) in both the HX-a and HX-b cases, but the 
cracking-free HX-b exhibited overall higher values compared to the with-
cracking HX-a alloy.  
(4) For the cracking-free HX-b alloy, the lattice structures’ failure mechanism was 
found to be controlled by plastic yielding, while the failure of the HX-a lattice 
structures was dominated by the plastic buckling that occurred due to the 
microcracks formed during the LPBF process.  
     These results indicate that microcracking defects in the additive manufacturing of 
Hastelloy X can be mitigated by reducing the amount of minor alloying elements that 
are included, although doing so would degrade the mechanical strength after the LPBF 
process. Under compressive loading, the cracking-free HX lattice structures failed 
because of plastic yielding, while the failure mechanism of the with-cracking HX lattice 
structures was primarily plastic buckling. Compared to the tensile specimens, the 
lattice structures had much thinner struts, which may have resulted in different cooling 
rates and grain sizes within the LPBF process. Further study will be necessary to 
investigate the molten pool dynamics involved in the manufacture of lattice structures. 
Future work will also focus on the elimination of hot cracking while maintaining high 
mechanical strength and elongation after the LPBF process. 
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